We have applied a low-energy positron beam and secondary ion mass spectrometry to study defects in homoepitaxial and heteroepitaxial GaN layers. Positron experiments reveal high concentrations of Ga vacancies in nominally undoped n-type GaN, where the conductivity is due to unintentional oxygen incorporation. Ga vacancies are observed in both homoepitaxial and heteroepitaxial layers, indicating that their formation is independent of the dislocation density. No Ga vacancies are detected in p-type or semi-insulating samples doped with Mg, as predicted by the theoretical formation energies. In samples where n-type conductivity is due to Si doping and the incorporation of oxygen impurities is suppressed, the concentration of Ga vacancies is much lower than in n-type samples containing oxygen. This indicates that the presence of oxygen donor in GaN promotes the formation of Ga vacancy. We suggest that this effect is due to the creation of V Ga -O N complexes during the epitaxial growth.
I. INTRODUCTION
The considerable progress in GaN-based semiconductor technology during the recent years has already led to the commercial launching of short wavelength light emitting diodes and laser diodes. This manufacturing success has been achieved despite the fact that many of the materials properties and characteristics are not fully understood. The epitaxial GaN layers, most often grown by metal organic chemical vapor deposition ͑MOCVD͒ on a sapphire substrate, typically contain high densities of both extended and point defects which have a significant influence on the electrical and optical properties of the layer. For high performance applications the detailed knowledge on the formation and the nature of these defects is needed.
The lattice-mismatch between the GaN layer and the sapphire substrate may lead to dislocation densities as high as 10 10 cm Ϫ2 . The role of dislocations and other extended defects in the physical properties of GaN has been widely studied, [1] [2] [3] [4] [5] [6] but much less is known about the role of point defects. Among native point defects in GaN, the formation energy of antisites and interstitials has been calculated and found to be too high for them to exist in significant concentrations. 7 The formation energies of the vacancies are calculated to be lower: the dominating native defect in p-type GaN is expected to be the N vacancy and in n-type GaN the Ga vacancy. 7 The N vacancy is reported to act as a shallow donor, 8 and it is suggested that it behaves as a potential compensating defect in Mg-doped GaN grown at high temperatures. 9 The N vacancy has also been suggested to cause the n-type conductivity observed in undoped GaN, 10, 11 but in later studies the n-type conductivity was associated to residual O or Si impurities. 7, 12, 13 The gallium vacancy V Ga acts as a deep acceptor 14 and is suggested to be responsible for the carrier compensation in n-type GaN. 15, 16 The formation of complexes between the Ga vacancy and donorimpurities O or Si is calculated 14, 17 to be energetically favored and the energy levels of the complexes are suggested to be involved in the emission of the parasitic yellow luminescence. 14, 17, 18 Positron annihilation is an effective tool for studying vacancy-type defects in semiconductors. [19] [20] [21] Positrons get trapped at vacancies due to the missing positive ion core at vacancy site. 22 The trapping is experimentally observed in two ways: as a narrowing of the momentum distribution of the annihilating electron-positron pair and as an increase in the positron lifetime. The annihilation data can be used to estimate the vacancy concentration with a sensitivity in the range of 10 16 -10 19 cm Ϫ3 . The annihilation data gives information on the nature of the atoms around the vacancy and enables distinguishing between vacancies in different sublattices. Previous positron studies on GaN have shown that gallium vacancies are present both in undoped n-type GaN epitaxial layers and bulk crystals. 23, 24 The concentration of vacancies has been found to correlate with the intensity of the yellow luminescence 24 and with the V/III molar ratio used during growth. 16 In our present positron annihilation study the aim is to clarify the influence of doping on the formation of point defects in both homoepitaxial and heteroepitaxial GaN lay-ers. We detect Ga vacancies in nominally undoped n-type material but not in Mg-doped semi-insulating or p-type layers. The Ga vacancies are observed also in n-type homoepitaxial GaN, thus demonstrating that their formation does not require the presence of dislocations. The Ga vacancy concentration is, however, smaller in n-type layers doped with silicon than in those doped with oxygen. This result leads us to associate the observed Ga vacancy to a V Ga -O N complex and to suggest that in the presence of oxygen the formation of Ga vacancies is enhanced via the formation of V Ga -O N complexes.
II. EXPERIMENTAL

A. Samples
We studied Mg-doped p-type, semi-insulating ͑SI͒, nominally undoped, and Si-doped n-type GaN epilayer samples. All studied layers had been grown at the Institute of Experimental Physics, University of Warsaw. The charge carrier concentrations and carrier mobilities in the studied samples are given in Table I . In all epitaxial samples the GaN layer was grown on a Al 2 O 3 substrate in atmospheric-pressure MOCVD equipment with the gas system and the quartz reactor specially designed for the growth of nitride compounds. Ammonia and trimethylgallium were used as source gases, and hydrogen was used as a carrier gas. The p-type conductivity was achieved by Mg-doping, followed by thermal annealing at 750°C for 15 min. In the semi-insulating ͑SI͒ sample the residual n-type conductivity was compensated by heavy Mg-doping without thermal annealing. As a reference sample, we studied a heavily Mg-doped GaN single crystal, on which positron lifetime experiments have been previously performed. 25 The GaN single crystal had been grown in High Pressure Research Center, Polish Academy of Sciences. The studied nominally undoped GaN layers show strong n-type conductivity with nϭ10 17 -10 18 cm Ϫ3 . This is most probably caused by residual oxygen impurities. In fact, the secondary ion mass spectrometry ͑SIMS͒ experiments showed that the concentration of oxygen in epitaxial layers was Ͼ10 18 cm Ϫ3 , which is enough to explain the n-type conductivity.
The effect of silicon doping on the formation of Ga vacancies was investigated by studying a set of 3 -4 m thick GaN:Si layers. The concentration of Si dopants was shown to be clearly higher than the concentration of residual oxygen impurities as determined by both magneto-optical measurements 26 and SIMS experiments. The free electron density n, determined by Hall measurements, varied in range 5ϫ10 17 -5ϫ10 18 cm Ϫ3 . The GaN epilayers grown on sapphire substrate typically contain a very high density, ϳ10 10 cm Ϫ2 , of dislocations. To study the effect of the layer structural quality on the formation of Ga vacancies, a nominally undoped n-type GaN layer grown on a Mg-doped bulk GaN crystal was also investigated.
B. Positron annihilation spectroscopy
Positron annihilation experiments were performed using a low-energy positron beam. After implantation into a solid, positrons thermalize in few picoseconds. Thermalized positrons diffuse in the lattice until they annihilate with electrons. Vacancies in neutral or negative charge states act as efficient traps for positrons. At a vacancy the average electron density is lower, leading to an increase in the lifetime of trapped positrons. In addition, trapping at vacancies leads to the narrowing of the momentum distribution of annihilating e ϩ e Ϫ pairs, which is measured by the Doppler broadening of the 511 keV annihilation line. Positrons are also sensitive to negative ion-type acceptors. Positrons get trapped at Rydberg states around negative ions, but due to low binding energy the trapping is effective only at low temperatures, typically at TϽ200 K. 20 Since the surroundings of negative ions do not contain open volume, the positron lifetime and the momentum distribution in this state are similar to those in the perfect lattice. The positron spectroscopy thus enables the direct observation of neutral and negative open-volume defects and distinguishes efficiently between vacancies and negative ions. Positrons are not, however, trapped at positive centers before they annihilate with electrons.
In conventional positron beam measurements the main observable is the Doppler broadening of the annihilation line. The annihilation spectra are recorded using a Ge detector with a resolution of 1.3 at 511 keV. The broadening is described by the shape parameters S and W. 20 The lowmomentum parameter S is determined as the fraction of counts in the central area of the peak, corresponding to a longitudinal momentum component of p L р3.7 ϫ10 Ϫ3 m 0 c. This momentum range represents mainly the annihilations with low-momentum valence electrons. The high-momentum parameter W is the fraction of counts in the wing areas of the peak, with 11ϫ10 Ϫ3 m 0 cр p L р29 ϫ10 Ϫ3 m 0 c, arising from annihilations with highmomentum core electrons. The narrowed positron-electron momentum distribution at vacancies is thus experimentally detected as an increase in the S parameter and a decrease in the W parameter. At defects with no open-volume such as in negative ion-type impurities both S and W parameters have the same values as in defect-free lattice.
Depth profiling of the defects in the GaN layers is possible by using a variable energy positron beam. With the positron energy in the range of 0-40 keV it is possible to scan the GaN layers from the surface down to the mean penetration depth of ϳ2.4 m. At a given energy E, the S parameter is a linear superposition of values S i characterizing different positron annihilation states,
In Eq. ͑1͒ S S , S L , and S Subs are the characteristic S parameter values for positron annihilation at the sample surface, inside the GaN layer, and in the substrate, respectively. The weighting factor i is the fraction of positron annihilations at each state. When the GaN layer contains defects which can trap positrons, we can write
where S b and S d i characterize the annihilations in the perfect GaN lattice and in the defect i, respectively. If all positron annihilations take place in the layer ( L ϭ1) containing only a single type of vacancy defects, the concentration of vacancies can be estimated as
where N at is the atomic density, b ϭ165Ϯ1 ps is the positron lifetime in the GaN lattice, 25 and V the positron trapping coefficient at the vacancy.
C. Secondary ion mass spectrometry
The concentration of oxygen was determined by SIMS analysis using 12 keV cesium primary ions. The primary ion current was 150 nA and analyzed area 350ϫ360 m 2 . The samples were sputter coated with a thin Au layer ͑thickness 20 nm͒ in order to avoid sample charging. In addition to this an electron beam ͑energy 9 keV, current about 1 A) was used. The SIMS instrument was calibrated for oxygen using ion implanted samples; a known amount of oxygen was implanted to undoped epitaxial GaN layers, where residual oxygen concentration was well below 10 18 cm Ϫ3 . Both oxygen isotopes 16 and 18 were implanted to a dose of 10 15 cm Ϫ2 . The depth scale in the depth profiles was determined with a stylus profilometer. Figure 1 shows the S parameters measured as a function of incident positron energy at room temperature in SI and p-type GaN:Mg layers and in GaN:Mg single crystal. As the positron energy is increased, the S parameter in the Mgdoped bulk crystal decreases from the surface specific value towards a constant SϷ0.435, which characterizes the bulk properties of the crystal. The thickness of the studied p-type GaN overlayers was about 1 m. In both epitaxial samples the plateau of the constant SϷ0.435, observed in the energy range 5-25 keV, characterizes the annihilations inside the GaN layer. At higher positron energies part of the positrons annihilate in Al 2 O 3 substrate leading to a decrease in S. In fact, the S parameter of SϷ0.41 was determined for Al 2 O 3 by implanting positrons into it from the substrate side.
III. RESULTS
A. Mg-doped GaN layers
The positron lifetime experiments 25 on the Mg-doped bulk crystal yield a single lifetime component of 165 ps, which corresponds to positron annihilation in delocalized state in the GaN lattice. The Doppler broadening parameters recorded in this sample can thus be used as a reference level characterizing the positron annihilation in a vacancy-free GaN lattice.
The layer-specific parameters both in semi-insulating and in p-type GaN layers are equal to those measured in Mg- doped GaN bulk crystal, indicating that in Mg-doped layers the positrons are not trapped at vacancies. Further support to this result was obtained by measuring the layer-specific parameters as a function of temperature. The measurement was done using the positron energy 15 keV, which was chosen to make sure that all annihilations take place inside the GaN layer and not in the substrate nor on the sample surface. Figure 2 shows the temperature behavior of the S parameter in the semi-insulating layer; a similar result is also obtained in the p-type sample. The S parameter in Mg-doped samples increases only a little, ϳ0.1%/100 K, as the temperature is varied between 30-300 K, which is typical for free positron annihilation when the lattice slightly expands with increasing temperature. 20 We thus conclude that positron trapping at vacancy-type defects is not observed in Mg-doped GaN layers. The result, however, does not confirm that the samples are totally free of open-volume defects: vacancies, such as V N , in positive charge states cannot trap positrons due to the repulsive potential and although they were present they were not detected. Figure 3 shows the S(E) curves measured in two nominally undoped GaN layers, with the thicknesses of about 0.6 and 1 m. The reference level corresponding to positron annihilation in a vacancy free lattice is indicated by the curve measured in the p-type layer. A plateau of the S parameter, which characterizes the annihilations in GaN layer, can be found in undoped samples in energy ranges of 7-15 and 7-22 keV. The S parameter in undoped layers is clearly higher than in the p-type reference sample, indicating positron trapping at vacancy-type defects.
B. Undoped GaN layers
The number of different positron traps present in samples can be studied by investigating the linearity between the annihilation parameters S and W. 20 In all studied undoped GaN samples the (S,W) points fall on the same line in the S -W plane as presented in earlier reports 16, 24 for both GaN layers and bulk crystals thus showing that the vacancy in all undoped samples is the same. This vacancy has been previously observed in n-type GaN bulk crystals 24, 25 where the lifetime of 235 ps has been measured for positrons trapped at the vacancy. Theoretical calculations 27 show that both Ga and N vacancies are able to localize the positron. However, the calculated lifetime at V Ga ͑209 ps͒ is much longer than that at V N ͑160 ps͒, reflecting the larger open volume of V Ga . The experimental lifetime of 235 ps is much too long to be due to V N , but can be well attributed to V Ga . The agreement between calculated and experimental positron lifetime is particularly good 27 if we assume that the neighboring N atoms relax slightly outwards (ϳ5%), as expected from the theory. 14, 17 Further support for the identification of V Ga is obtained from the core electron momentum distribution, recorded using the two detector coincidence technique. 23, 24 The combination of positron lifetime and Doppler broadening experiments thus unambiguously shows that the native vacancies in GaN layers belong to the Ga sublattice and have an open volume of a monovacancy. According to theoretical calculations, 14, 17 the Ga vacancy is negatively charged in n-type and semi-insulating GaN and thus acts as an efficient positron trap. On the other hand, the N vacancy is expected to be positive and repulsive to positrons.
14 Unfortunately, the present positron experiments do not give direct information if V Ga is an isolated defect or part of a larger complex.
The structural quality of GaN layers on sapphire is dominated by the threading dislocations present at typical concentrations of 10 8 -10 10 cm Ϫ2 . 28, 29 These extended defects originate from the large lattice mismatch between GaN and Al 2 O 3 . In homoepitaxial growth the density of dislocations is greatly reduced to values which are close to those in GaN bulk crystals (Ͻ10 4 cm Ϫ2 ). Figure 4 shows the S(E) curve measured in homoepitaxially grown GaN layer together with the curve measured in the p-type GaN:Mg layer. On the substrate side of GaN:Mg bulk crystal the vacancies are not detected. In the undoped overlayer the high S parameter reveals the presence of Ga vacancies, thus suggesting that the removal of dislocations does not reduce the concentration of vacancies. The independence of the Ga vacancy formation from the layer structural quality is also suggested by the comparison between positron experiments in GaN epilayers and in GaN bulk crystals. 24 In both cases the Ga vacancies are observed in noticeable concentrations in undoped material indicating that Ga vacancies are not solely related to extended structural defects.
The S parameter in undoped samples typically shows an increase with temperature between the temperatures 200 and 400 K. 24 This is seen in Fig. 3 , where the S parameter values measured in undoped layer with nϭ3.7ϫ10
17 cm Ϫ3 at 450 K are clearly higher than the values at 300 K. At lower temperatures positrons can also be trapped at shallow traps, e.g., at shallow Rydberg states around negative ions, leading to a decrease in the S parameter ͑discussed below͒. In GaN shallow traps are effective still at 300 K. At high temperatures the effect of shallow traps can be neglected and the concentration of Ga vacancies can be estimated using Eq. ͑3͒. We use the value V Ϸ1ϫ10 15 s Ϫ1 for the positron trapping coefficient at Ga monovacancies 20 at 450 K and a ratio S V /S b ϭ1.038 for the vacancy specific S parameter. 24 For the homoepitaxial layer the vacancy concentration is estimated from the data at 300 K and V is scaled according to T Ϫ0.5 dependence. 20 The resulting vacancy concentrations, 10 17 -10 18 cm Ϫ3 , are given for each sample in Table I . Figure 5 shows S(E) curves measured at 300 K in two Si-doped layers together with the reference level from the p-type layer. In Si-doped GaN layers ͑Fig. 5͒the S parameter decreases as the positron incident energy increases from its surface specific value to its layer specific value. This coincides with the bulk value S b measured in p-type GaN layers, indicating that no vacancies are observed in Si-doped GaN. The absence of positron trapping at vacancies is also shown by the temperature dependence of the annihilation parameter. The typical temperature behavior of the S parameter in Sidoped layers is shown in Fig. 2 . The S parameter increases only slightly, ϳ0.1%/100 K, as the temperature is increased from 30 to 600 K. This small increase can be totally attributed to the thermal expansion of the lattice. 30 The result thus shows that in studied Si-doped layers positron trapping at Ga vacancies is not observed. If they were present in the lattice, the concentration of vacancies would be below the detection limit, р10
C. Si-doped layers
16 cm Ϫ3 .
D. Correlation between gallium vacancy and oxygen concentrations
The results above show that Ga vacancies are observed in n-type undoped material, but not in samples where n-type conductivity is achieved by Si doping. In order to confirm the role of oxygen impurities in the formation of Ga vacancies, we studied two 2 -4 m thick samples grown in identical conditions by MOCVD on sapphire. The n-type carrier concentrations and electron mobilities of the samples, determined by Hall measurements, are given in Table II . The carrier concentrations of the samples are almost identical, but one of them was doped with silicon and the other was intentionally contaminated with oxygen. Oxygen concentrations in both samples were determined by SIMS analysis, and are also given in Table II . The oxygen concentration is low, р7ϫ10 17 cm Ϫ3 , in Si-doped sample and more than one order of magnitude higher in the sample doped with oxygen.
The annihilation parameters were measured as a function of positron implantation energy in both samples. The result showed similar behavior as seen in Figs. 1 and 5: At low energies (EϽ10 keV) the curves were dominated by the positron diffusion to the sample surface and at high energies (EϾ30 keV) part of the positrons reached the substrate. Figure 6 shows the S and W parameters as a function of measurement temperature in both samples, measured at a positron energy of 20 keV. With this energy all the positrons annihilate inside the GaN layer. At low temperatures the S and W parameters have almost the same value in both samples and they remain almost constant between T ϭ 30 and 250 K. At temperatures T ϭ 250-350 K there is a steep increase in the S parameter, which is followed by an almost constant level at T ϭ 400-600 K.
The constant S parameter level at low temperatures equals the value S b corresponding to annihilations in lattice with no open volume defects. The increase in the S parameter indicates that positrons are trapped at vacancies as temperature is increased. Positron trapping coefficient at neutral vacancies is independent of temperature and the trapping rate at negative vacancies, such as Ga vacancy, should increase with decreasing temperature. 20 The temperature behavior of the S parameter, as shown in Fig. 6 , is typical for positron trapping at two types of defects: At lower temperatures shallow traps, such as negative ion-type defects, compete with vacancy trapping. The annihilation parameters corresponding to positrons trapped at the negative ions are equal to bulk values S b and W b , since the defects do not contain any open volume. As the temperature is increased the positrons are able to escape from the shallow traps and the trapping at Ga vacancies is observed. A similar behavior has been previously observed both in undoped GaN epilayers and in GaN bulk samples. 24, 25 The Ga vacancy concentrations determined at 500 K using Eq. ͑3͒ are shown in Table II .
The higher S and the lower W parameter indicate that Ga vacancies are present in the sample contaminated with oxygen. In the Si-doped sample some V Ga are observed as well, but their concentration is much less than in the O contamined sample. This finding confirms that the presence of oxygen promotes the formation of Ga vacancies in n-type GaN.
IV. FORMATION OF VACANCIES VS. DOPING
Positron experiments detect Ga vacancies in various GaN layers grown by MOCVD on sapphire. The following trends can be summarized for the formation of V Ga as a function of doping: ͑i͒ No Ga vacancies are found in p-type or semiinsulating Mg-doped layers. ͑ii͒ Ga vacancies are found at concentrations Ͼ10 17 cm Ϫ3 in nominally undoped GaN layers, which show n-type conductivity due to residual oxygen. ͑iii͒ Much lower Ga vacancy concentrations are observed in samples where the n-type doping is done with Si impurities and the amount of residual oxygen is reduced.
According to the positron experiments the presence of Ga vacancies in GaN layers depends both on the Fermi level and impurity atoms in the samples. The same general trend is found in the epitaxial layers as in the bulk crystals: 25 Ga vacancies are formed only when the Fermi level E f is close to the conduction band due to n-type doping. For the same position of E f , n-type doping with oxygen leads to larger concentration of Ga vacancies than Si doping. On the other hand, the presence of oxygen alone does not induce Ga vacancies if the Fermi level is not close to the conduction band. For example, no Ga vacancies are observed in semiinsulating GaN bulk crystals, where the high concentration of O donors is totally compensated electrically by Mg acceptors (E f at midgap͒. 25 Furthermore, we detect no Ga vacancies in our Mg-doped GaN layers ͑samples 1 and 2 in Table  I͒ although the O concentrations of the layers are (2 -4) ϫ10 18 cm Ϫ3 according to SIMS measurements. A natural way to explain all these observations is to infer that Ga va- cancies and oxygen form complexes, such as V Ga -O N in n-type GaN containing oxygen. In Si-doped GaN the concentration of these complexes is much reduced since O is missing. Smaller concentration of V Ga related defects in some Si-doped samples ͑Fig. 6͒ may form due to residual O ͑lead-ing again to V Ga -O N formation͒. It is also possible that other complexes involving V Ga , such as isolated V Ga or V Ga -Si Ga exist in Si-doped GaN.
Theoretically the formation energies of charged defects in thermal equilibrium depend on the position of the Fermi level in the energy gap, as shown by the calculations. 14, 17, 31 The negatively charged defects such as the Ga vacancy have their lowest formation energy when the Fermi level is close to the conduction band, i.e., in n-type material. On the other hand, the formation energy of V Ga is high in semi-insulating and p-type material. These trends correlate well with the experimental observations made using positron spectroscopy, where Ga vacancies are observed only in n-type material. In fact, the theoretical results predict that the formation energy of V Ga -O N pair is even lower than that of isolated V Ga .
14 This is consistent with the experimental arguments which associate the observed Ga vacancies mainly with the V Ga -O N complex. In general, the creation of Ga vacancies ͑or V Ga complexes͒ in the growth of both GaN crystals 24, 25 and epitaxial layers seems to depend on the Fermi level position as expected for acceptor defects in thermal equilibrium.
The V Ga -O N complexes may form at the growth temperature when mobile Ga vacancies are trapped by oxygen impurities. Similarily, one could expect the formation of V Ga -Si Ga complexes in Si-doped GaN, as suggested by Kaufmann et al. 18 According to the positron experiments, however, the formation of these complexes seems to be less likely than that of V Ga -O N . According to theory, 17 the binding energy of V Ga -O N pair ͑about 1.8 eV͒ is much larger than that of V Ga -Si Ga complexes ͑0.23 eV͒. The difference in stability is due to the electrostatic attraction: V Ga and O N are nearest neighbors whereas V Ga and Si Ga are only second nearest neighbors. The V Ga -O N pairs are thus more likely to survive the cool down from the growth temperature than V Ga -Si Ga . Hence, Ga vacancy complexes are detected by positrons only in materials containing substantial concentrations of oxygen, but their concentration in Si-doped material is much lower. However, the V Ga -Si Ga may be present in some GaN samples ͑Fig. 6 and Ref. 18͒ particularly since the formation of Ga vacancies depends also on the stoichiometry of growth conditions.
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V. SUMMARY
We have applied positron spectroscopy and secondary ion mass spectrometry to study the influence of doping on the formation of Ga vacancies in heteroepitaxial and homoepitaxial GaN layers. In p-type and in semi-insulating Mgdoped layers the Ga vacancies are not observed. Ga vacancies exist in high concentrations in undoped n-type GaN layers, where the n-type conductivity is due to residual oxygen impurities. Gallium vacancies are found both in layers grown on sapphire and in homoepitaxially grown material where the dislocation density is greatly reduced. This suggests that the formation of Ga vacancies is promoted by the n-type doping and does not require the presence of dislocations. In samples where the n-type conductivity is achieved by silicon doping, however, clearly less gallium vacancies are observed than in samples containing oxygen. We propose that the presence of oxygen leads to the formation of stable gallium vacancies complexed with oxygen impurities. This conclusion is in good agreement with theoretical calculations predicting low formation energy and high binding energy for V Ga -O N complex in n-type GaN.
